Vaccination using DCs pulsed with tumor lysates or specific tumor-associated peptides has so far yielded limited clinical success for cancer treatment, due mainly to the low immunogenicity of tumor-associated antigens. In this study, we have identified intratumoral virus-induced inflammation as a precondition for effective antitumor DC vaccination in mice. Administration of a tumor-targeted DC vaccine during ongoing virus-induced tumor inflammation, a regimen referred to as oncolysis-assisted DC vaccination (ODC), elicited potent antitumoral CD8 + T cell responses. This potent effect was not replicated by TLR activation outside the context of viral infection. ODC-elicited immune responses mediated marked tumor regression and successful eradication of preestablished lung colonies, an essential prerequisite for potentially treating metastatic cancers. Unexpectedly, depletion of Tregs during ODC did not enhance therapeutic efficacy; rather, it abrogated antitumor cytotoxicity. This phenomenon could be attributed to a compensatory induction of myeloidderived suppressor cells in Treg-depleted and thus vigorously inflamed tumors, which prevented ODC-mediated immune responses. Consequently, Tregs are not only general suppressors of immune responses, but are essential for the therapeutic success of multimodal and temporally fine-adjusted vaccination strategies. Our results highlight tumortargeting, replication-competent viruses as attractive tools for eliciting effective antitumor responses upon DC vaccination.
Introduction
Vaccinations using DCs pulsed with tumor lysates or specific tumor-associated peptides are capable of eliciting cytotoxic T cell responses against tumor antigens. However, DC immunotherapies led to unsatisfying therapeutic results against established tumors in animal models and clinical trials (1) (2) (3) . The limited efficacy of DC vaccines in cancer immunotherapy appears to be mainly attributable to tumor-specific immunotolerance. In contrast to the low immunogenicity of tumor-associated antigens (TAAs), viruses stimulate evolutionarily conserved cellular danger pathways, triggering strong innate and adaptive immune responses. It has been shown that induction of immune responses upon viral infections depends, at least in part, on recognition of viral DNA and RNA by host pattern-recognition receptors (4) . Other groups have reported that viral infections induce immune responses not only against viral antigens, but also against cross-presented cellular antigens in a MyD88-and/or TLR-dependent manner (5, 6 ). Accordingly, crosspresentation of cellular antigens during viral infections provides a rationale for induction of antitumoral immune responses in tumor treatment strategies using tumor-specific oncolytic viruses.
During viral infection, the immune system evaluates virus-specific and infection-associated danger signals for the fine adjustment of immune responses to a level that keeps infection under control but prevents severe tissue damage (7, 8) . Recently, it has been described that CD4 + CD25 + Foxp3 + Tregs play an essential role in this scenario by calibrating the intensity of inflammation in virus-infected tissue (9, 10) . Depending on the situation, the presence of Tregs can be either beneficial or detrimental for the host. Tregs can prevent collateral tissue damage (11, 12) and autoimmunity (13) during viral infections, but it has also been shown that Tregs can suppress antiviral immune responses, thus facilitating chronic viral diseases (14, 15) . Corresponding studies with animal infection models showed that anti-CD25 Ab-mediated depletion of Tregs supported systemic antiviral CD8 + T cell responses and subsequent clearance of the pathogen (16) . In contrast to these immunosuppressive features, it has been demonstrated that Tregs play an important role in early protective responses to local virus infections by allowing the immediate access of immune cells to infected tissue (17) . These apparently opposing features of Tregs indicate distinct roles of Tregs in local and systemic virus infections or at different stages of the immune response.
In the present study, we found that coordinated application of a tumor-directed DC vaccine in the context of virus-induced tumor inflammation elicited a potent antitumoral CD8 immune response. The concurrent inhibition of virus-specific Igs after oncolysis-assisted DC vaccination (ODC; referring to DC vaccination at the time of viral tumor inflammation) suggests an interference of antiviral and antitumoral immune responses. ODC facilitated effective regression of primary tumors and elimination of lung colonies. Surprisingly, the interference of virus/tumor immune responses relied on the presence of Tregs. Treg depletion led to a compensatory induction of myeloid-derived suppressor cells (MDSCs) in the infected tumor environment that suppressed DC vaccination and abolished effective tumor regression of lung colonies after ODC. Our results indicate that the temporal fine adjustment of immune responses by ODC rather than an imbalanced vigorous tumor inflammation enables therapeutic success of immunotherapy in metastatic cancers.
Results

Virus-induced inflammation of an established tumor allows for effective
antitumoral DC vaccination. Our first aim was to establish syngeneic, immunocompetent murine tumor models to investigate a potential therapeutic benefit for tumor-directed DC vaccinations when combined with intratumoral (i.t.) application of the tumor-selectively replicating Ad hTert-Ad (18) . It is known that replication of Ad DNA in murine cells can induce apparent cytolysis without generation of infectious viral particles (19, 20) . However, we and others have described that some murine cell lines, in particular KLN205 and CMT64, support the complete replication cycle of human Ad with reduced efficacy (21) (22) (23) . To test the applicability of these cells for a murine model of viral tumor inflammation, we characterized in more detail DNA replication and production of infectious progeny of hTert-Ad in vitro and in vivo. We detected robust Ad DNA replication in both KLN205 and CMT64 cells in vitro (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI45585DS1). At 48 hours after i.t. virus injection in s.c. engrafted syngeneic KLN205 and CMT64 tumors, we found up to 100-fold more DNA of hTert-Ad compared with a replication-deficient Ad (rdAd; Supplemental Figure 1B ). Assessing the production of infectious viral particles per cell in vitro, we observed low production of infectious progeny by CMT64 cells, but significant virus production in KLN205 cells, almost comparable to levels that can be found in moderately productive human tumor cell lines (Supplemental Figure 1C) . Consistently, de novo generation of infectious particles of hTert-Ad was also confirmed in vivo (Supplemental Figure 1D) . Although the extent of ongoing replication might not fully reflect Ad-mediated oncolysis in human tumors, these results suggest that hTertAd-infected KLN205 and CMT64 tumors can be regarded as oncolytic models. Furthermore, different abilities of these cells to form infectious particles provided a tool to dissect the roles of viral DNA replication and production of infectious progeny in our study.
Next, we histologically analyzed the extent of the inflammation in s.c. grown KLN205 tumors on syngeneic, immunocompetent DBA/2 mice in a time course after i.t. injection of hTert-Ad. As
Figure 1
DC vaccination during viral tumor inflammation elicits a potent and therapeutically efficient antitumor immune response. (A) s.c. grown KLN205 tumors in DBA/2 mice were inoculated with i.t. injection of hTert-Ad. Virus-mediated inflammation of tumor tissue was histologically examined on H&E-stained slides at the indicated times. Original magnification, ×100 (low-power) and ×200 (high-power). (B) s.c. grown KLN205 or CMT64 tumors were treated with hTert-Ad (hT-Ad) i.t. and tumor cell lysate-pulsed DCs (DC T ), as shown in the schematic. 14 days after initial treatment, splenocytes of mice were harvested, and ELISpot assays were performed after restimulation with tumor cell lysate. Number of tumor-specific splenocytes in a representative experiment is shown as spot-forming units (SFU) per well (n = 5 per group, 4 independent experiments). (C) s.c. grown KLN205 tumors were treated with hTert-Ad i.t. followed by tumor cell lysate-pulsed DCs on day 3 after viral treatment. This treatment was compared with mice receiving 2 subsequent i.t. injections of virus or 2 subsequent DC vaccinations. All treatments were performed on days 0 and 3. Untreated tumor-bearing mice served as control (n = 8 per group, 2 independent experiments). *P ≤ 0.05; ***P < 0.001.
shown in Figure 1A , viral tumor infection led to efficient lysis of cancer cells and impaired integrity of tumor tissue accompanied by strong lymphocytic infiltration into the inflamed nodule. The maximum viral tumor inflammation was observed 3 days after tumor infection. Interestingly, we observed a dramatic loss of viral DNA in hTert-Ad-infected tumors between 48 and 72 hours after infection (Supplemental Figure 1B) , which may reflect the rapid clearance of virus-infected tumor cell debris by tumor-infiltrating lymphocytes. Tumor inflammation then declined, and tissue integrity was completely restored ( Figure 1A ). No signs of lytic tumor destruction or immune cell infiltration were observable at day 12. Similar results were obtained in a second model using s.c. CMT64 tumors (data not shown). We then investigated whether existing virus-induced inflammation of an established tumor is capable of supporting the effect of tumor-directed DC vaccination. Corresponding to the schematic presentation in Figure 1B , we investigated whether antitumoral DC vaccination can elicit a cellular antitumor response when given at different time points relative to viral tumor inflammation. For the preparation of the DC vaccine, DCs were loaded with whole cell lysate from KLN205 and CMT64 cells. Tumor-specific splenocytes were detected in ELISpot assays after stimulation with the corresponding lysates. Virus-mediated tumor inflammation and additional DC vaccination before or after tumor inflammation elicited only weak antitumoral immune responses ( Figure 1B ). When DC vaccination was performed at the time of maximum inflammation of the tumor tissue (at day 3), we observed a strongly enhanced antitumoral immune response. Then we examined the therapeutic efficacy of DC vaccination at the time of viral tumor inflammation (i.e., ODC). The term was chosen because of the lytic phenotype of the virus-affected tissue ( Figure 1A) .
Tumor growth inhibition after ODC was then compared with that after 2 regimens of virotherapy or 2 regimens of DC vaccination. In ODC-treated mice, we observed a considerably reduced tumor burden ( Figure 1C ). Remarkably, complete tumor remissions leading to long-term survival were found only in the ODC group.
Antitumoral CD8 + T cell immune responses after ODC interfere with the development of virus-specific humoral immunity. Our data suggested that the enhanced tumor-directed cellular response induced by ODC could indirectly affect the development of antiviral immunity. First, we determined the effect of replication on antiviral immune responses. Compared with rdAd, replication of hTert-Ad in KLN205 and CMT64 cells in vivo resulted in significantly enhanced production of antiviral Abs and CD8 immune responses against the viral hexon protein (Supplemental Figure 2) .
For a more detailed analysis of ODC-induced immune responses, we stably expressed the model antigens HA in KLN205 cells and OVA in CMT64 cells (referred to herein as the KLN-HA model and the CMT-OVA model, respectively) to allow for epitope-specific evaluation of antitumoral CD8 + T cell responses. In agreement with the results from experiments with tumor lysate-pulsed DCs, ODC using HA-pulsed DCs strongly enhanced the antitumoral immune response compared with virotherapy or DC vaccination alone. Triggering of the antitumoral immune response was largely dependent on replication competence of the virus, since injection of rdAd led to a substantially lower frequency of antitumoral CD8 + T cells. As an additional control, we performed ODC using DCs pulsed with an irrelevant antigen (lacZ). This treatment did not prime a HA-specific T cell response (Figure 2A ), confirming the relevance of tumor-directed DC vaccination in ODC. Notably, ODC did not significantly change the T cell response against the viral hexon protein (data not shown). However, investigations on the development of virus-specific Igs revealed a strong inhibition of virus-specific Abs. Comparable to the enhanced antitumoral T cell immune response after ODC, both presentation of the specific TAA by DCs and intratumoral replication of viral DNA were mandatory for the observable decline of the virus-specific humoral immune response ( Figure 2B ).
Viral infections frequently elicit IgG2a-dominated humoral immune responses, since the Th1 phenotype of virally activated CD4 cells preferentially induces an IgG2a isotype switch (24, 25) . We investigated whether the observed decrease in antiviral Igs also influences Ig class switching. Therefore, we analyzed the virus-specific IgG2a and IgG1 isotypes, which are characteristic for Th1 and Th2 immune responses, respectively ( Figure 2C ). In contrast to other treatment groups, ODC inhibited IgG2a production and significantly altered the ratio of IgG1/IgG2a ( Figure 2D ), indicative of humoral immune responses shifting toward a Th2 phenotype. The shift to Th2-characteristic Ig isotypes was dependent on the use of the specific TAA for pulsing DCs and intratumoral replication of viral DNA. Since there is evidence that IFN-mediated, Th1-directed isotype switching is a prerequisite for effective production of neutralizing Abs (nAbs) against Ads (26), we performed nAb assays. Consistent with our previous findings, we observed a significant reduction of virus-neutralizing activity in the serum of mice subjected to ODC compared with other treatments ( Figure 2E ).
Induction of virus/tumor immune interference is dependent on virusinduced inflammation of the primary tumor, but the therapeutic effect is also conferred to uninfected lung colonies.
Our data were suggestive of substantial interference of virus-specific humoral and tumorspecific cellular immunity by ODC. Next, we addressed whether virus-induced inflammation outside the target tumor tissue is also capable of eliciting this immune interference. We performed experiments with i.v. infection of animals with dl309, an E3-deleted Ad5-WT variant resembling hTert-Ad that lacks the tumor-selective control of replication. Injection of dl309 i.v. led to severe hepatitis with a maximum of intrahepatic lymphocyte infiltration on day 3 after infection ( Figure 3A ). Although systemic application of dl309 led to detectable infection of s.c. tumors, the intratumoral viral load was insufficient to cause apparent lytic destruction of the tumor tissue and lymphocyte infiltration ( Figure 3 , A and B). In contrast to our results with ODC, we observed neither enhanced antitumoral cellular immunity nor impaired virus-specific humoral immune responses after systemic delivery of dl309 followed by The same experiment was performed in corresponding C57BL/6 CMT-GFP and CMT-OVA mice, who received ODC using hTert-Ad and OVA-pulsed DCs. 14 days after initial treatment, splenocytes were subjected to ELISpot analysis to determine the respective HA-and OVA-specific responses (n = 3 per group, experiments repeated twice with similar results). **P < 0.01; ***P < 0.001. Figure 3 , C and D). These observations indicate that inflammation outside the specific target tissue does not result in immune interference.
DC vaccination on day 3 (
To address the underlying mechanisms of ODC, we investigated whether the antigen used to prepare the DC vaccine must be part of the viral tumor inflammation, or whether viral tumor-inflammation per se might be sufficient to trigger DC-mediated expansion of T cells. To this end, we used mice bearing s.c. KLN-HA tumors and KLN tumors expressing GFP as irrelevant antigen (KLN-GFP). All groups received ODC with HA-pulsed DCs. Results of ELISpot analyses showed no immune response against HA in mice bearing KLN-GFP instead of KLN-HA tumors. A significantly elevated CD8 + T cell response against HA after ODC was only detectable when tumors actually expressed HA as TAA ( Figure 3E ). These results were confirmed in a second model using OVA as antigen ( Figure 3E ). Our data showed that the antigen used for DC vaccination must be associated with the inflamed tumor tissue for successful T cell priming.
As shown in Figure 1 , ODC therapy strongly improved antitumoral immune responses and tumor regression after vaccination with tumor lysate-loaded DCs. However, for vaccination of cancer patients in clinical settings, the use of single tumor antigens is more common than the use of whole tumor lysates. To investigate whether viral tumor inflammation also allows for vaccination with a single endogenous TAA, we used corresponding peptides against the catalytic subunit of murine telomerase, which was strongly upregulated in both CMT64 and KLN205 cell lines (Supplemental One key mechanism to explain the effect of ODC in immunotherapy appears to be the effective cross-presentation of TAAs in the context of virus-mediated tumor cell death (5, 6) . Since TLR ligands are currently used as adjuvants in vaccination strategies, we next investigated whether tumor infection with a replicationcompetent virus is necessary or whether mere TLR activation with specific ligands could be sufficient to allow for effective DC vaccination. First, we assessed cross-presentation of the OVA model antigen by APCs after i.t. injection of TLR ligands or viruses. The cross-presentation of the model antigen was directly determined with Abs that can specifically detect the H-2K b -bound OVA peptide SIINFEKL. Interestingly, only virus infection, but neither of the TLR ligands, led to significant cross-presentation of SIINFEKL on intratumoral APCs ( Figure 5A ). Moreover, we could not observe cross-presentation on day 1 and 2 after application of TLR ligands (data not shown). Furthermore, significantly more APCs cross-presented OVA-SIINFEKL after tumor treatment with hTert-Ad compared with rdAd, demonstrating that replication of viral DNA in the tumor tissue is an important prerequisite for effective cross-presentation of TAAs on the surface of APCs. In agreement with these results, we observed marginal support of DC vaccination after TLR activation, and only application of the replication-competent virus led to strongly improved efficacy of DC vaccination in ELISpot and in vivo cytotoxicity assays ( Figure 5 , B and C).
To dissect the roles of intratumoral viral DNA replication and generation of infectious viral progeny in the modulation of immune responses by ODC, we included a further tumor model (Hepa1-6-OVA), since these cells were completely unable to produce infectious particles (Supplemental Figure 1) . In contrast to rdAd, the unselective Ad5-WT and the tumor-selective hTert-Ad induced similar lysis in all investigated tumor cells in vitro and in vivo (data not shown). Interestingly, we observed no significant difference between hTert-Ad and Ad5-WT in ODC (Figure 6 ), in agreement with our previously described findings that the degree of tumor selectivity of Ad DNA replication only marginally influences antitumoral immune responses, but strongly determines anti-vector immunity and systemic toxicity in mice (27) . However, whereas replication of viral DNA was an essential precondition for the efficacy of ODC, as shown in our previous experiments, we observed no differences in the antitumoral immune responses in all tumor models (Figure 6 ), which indicates that de novo gen- Figure 7A ), confirming the absence of substantial viral infection and DNA replication in lung colonies. Next, we investigated the therapeutic effect of ODC in this model. Compared with untreated controls, we observed smaller tumor lesions and a lower number of lung colonies in the group of animals treated with 2 subsequent virus injections or 2 subsequent DC vaccinations, respectively. The significant therapeutic effect on lung colonies after single treatments compared with corresponding treatments of s.c. tumors ( Figure 1C) is most likely the result of their smaller size and vulnerability that make lung colonies more prone to immune clearance after treatment. However, in line with our results described above, a significantly improved therapeutic effect was observed in the ODC group: only in this group were the majority of lungs from treated animals free of tumor colonies ( Figure 7B) . (16, 28) . Therefore, we also investigated whether Tregs are involved in the regulation of antitumoral immune response after ODC. In agreement with other reports (29), CD25 Ab-mediated depletion of Tregs enhanced both antiviral and antitumoral immune responses after 2 subsequent viral applications ( Figure 8A ). However, eradication of Tregs by application of CD25 Ab resulted in significantly Figure 6 Intratumoral viral DNA replication, but not tumor specificity of the used virus, determines the efficacy of ODC. s.c. KLN-HA, CMT-OVA, and Hepa1-6-OVA tumors were injected with 1 × 10 9 infectious particles of hTert-Ad (tumor-specific replication) or Ad5-WT (unspecific replication). After 3 days, DC vaccination against the corresponding model antigen was performed. Untreated mice and rdAd treatment served as controls. After 14 days, ELISpot analyses were performed. Shown is tumor antigen-specific response; antigen-specific responses in the respective hTert-Ad groups were defined as 100% (n = 4 per group, 2 independent experiments).
Therapeutic efficacy of ODC relies on the presence of Tregs.
First, to analyze the contribution of different cell subsets in ODC, we used Abs to ablate myeloid cells as well as T cell subpopulations. The antitumoral immune response was almost completely inhibited by CD8 Ab and, to a lesser degree, by Gr1 and CD4 Abs (Supplemental Figure 4), which demonstrated that ODC depends on a complex immune response dominated by CD8 + T cells. It has been shown that immune responses after viral infection or tumor vaccination are frequently counterbalanced by Tregs and that CD25 Ab-mediated depletion of Tregs enhances antiviral and antitumoral immune responses
Figure 7
Immune responses induced by DC vaccination during viral tumor inflammation lead to effective elimination of uninfected lung colonies. (A) KLN-HA tumors were grown s.c. on the flanks of DBA/2 mice. At the same time, lung colonies were established by i.v. injection of KLN-HA cells. 14 days later, mice were treated with hTert-Ad i.t. Mice bearing s.c. tumor but lacking the lung colonies were also infected as control. After 3 days, s.c. tumors, lung colonies (after separation from adjacent lung tissue), and lung tissue from lung tumor-free control mice were harvested for DNA preparation. Viral genomes were quantified by qPCR (n = 3 per group). (B) In mice with established s.c. KLN-HA tumors, lung colonies were induced 3 days before initial treatment. Mice were then treated with hTert-Ad i.t. followed by ODC compared with mice receiving 2 subsequent virus treatments or DC vaccinations. After 4 weeks, lungs were harvested, and the extent of tumor burden was histologically examined. Original magnification, ×4. Tumor area was calculated by computer-based analysis (n = 8 per group, 2 independent experiments). **P < 0.01.
reduced antitumoral immune responses after ODC ( Figure 8B ). Although application of CD25 Ab is a frequently used method for Treg depletion, this method does not exclusively target Tregs, but also targets activated T cells that may express CD25 during viral infection. To confirm our results, we additionally used a transgenic mouse model for depletion of Tregs that express a diphtheriatoxin (DT) receptor-GFP fusion protein under control of the foxp3 gene locus (DEREG mice; ref. 30 ). Similar to our observations after appli-
Figure 8
Potent cytotoxic immune response against TAA after ODC depends on the presence of Tregs. (A) KLN-HA tumor-bearing mice received i.t. virus twice over 3 days. Tregs were depleted by CD25-depleting Abs i.v. 2 days prior to each treatment. 2 weeks later, mice were sacrificed, and splenocytes were prepared and subjected to ELISpot analysis of virus-and tumor-specific immune responses (n = 4 per group). (B) Mice received hTert-Ad i.t. and HA-pulsed DC vaccination on day 3, and were Treg depleted by CD25 Ab. i.t. virus or Treg depletion only were additional controls. 14 days after the first treatment, splenocytes were subjected to ELISpot analysis of HA-specific response (n = 5 per group, 2 independent experiments). (C) Experiment in B was repeated in DEREG mice using DT to deplete Tregs. (D) In vivo cytotoxicity assay of the induced antitumoral immune response. Mice were treated as in Figure 7B , with or without DT. Shown are representative histograms (left peak, lacZ-pulsed cells; right peak, HA-pulsed cells) and quantification of cytotoxicity (n = 5 per group, 3 independent experiments). (E) KLN-HA tumors and lung colonies were established in DEREG mice as in Figure 7B , and ODC was done. Groups received DT as indicated. After 3 weeks, lungs were inspected for lung colonies (representative images of 5 per group, experiment repeated twice). Tumor area in lung tissue sections was also determined as in Figure 7B . (F and G) Serum samples of mice from B and C were analyzed for virus-specific Abs by ELISA (IgG and IgM isotypes). *P ≤ 0.05; **P < 0.01. cation of CD25 Ab in WT animals, depletion of Foxp3 + Tregs by DT in DEREG mice abrogated the induction of antitumoral immunity by ODC ( Figure 8C ). We further investigated the effect of ODC and the role of Tregs on the cytotoxic tumor immune response. Results of in vivo cytotoxicity assays demonstrated that depletion of Foxp3 + Tregs significantly enhanced the cytotoxic T cell response against HA after virus application or DC vaccination ( Figure 8D ). However, Treg depletion in DEREG mice nearly abrogated the potent CD8 antitumoral cytotoxicity after ODC ( Figure 8D ). Consistently, depletion of Tregs did not prevent the outgrowth of lung colonies, but strongly inhibited the therapeutic effect of ODC ( Figure 8E ). Finally, we investigated whether Tregs are also required to inhibit production of virus-specific Igs after ODC. Depletion of Tregs with CD25 Ab in WT mice or by DT in DEREG mice completely rescued the production of virus-specific Igs after ODC (Figure 8, F and G (31), as well as TNF-α and the TNF-α-dependent TIMP-1 (32) . In addition to these central inflammatory mediators, we observed enhanced expression of G-CSF, GM-CSF, M-CSF, and IL-6 in the Treg depletion group during viral replication (Supplemental Figure 5 ). As these cytokines are known as important factors for generation and maturation of MDSC (33), we then investigated infiltration of MDSCs in tumor tissue. Even in uninfected tumors, depletion of Tregs resulted in significantly higher numbers of MDSCs; however, in line with the altered cytokine profile, we observed an even stronger induction of CD11b + Gr1 hi MDSCs, particularly in virus-infected tumor tissue after Treg depletion ( Figure 9A ). Actually, no genetic manipulation has yet been reported that exclusively eliminates CD11b + Gr1 hi MDSCs, but depletion of myeloid cells has been achieved in some animal models by chemotherapy or by application of Abs against Gr1. However, treatment with Gr1 Ab or Gemcitabine chemotherapy could not rescue the antitumoral immune response after Treg depletion in ODC (Supplemental Figure 4 and data not shown), for which the most likely explanation may be the unspecific elimination of important effector cells, such as Gr1 + DCs, in these experiments. To investigate whether the compensatory induction of CD11b + Gr1 hi MDSCs after Treg depletion contributes to the abrogation of virus/tumor immune interference, we adoptively transferred CD11b + Gr1 hi Ly6G + MDSCs into animals during ODC. Injection of CD11b + Gr1 hi Ly6G + MDSCs into the tumors prior to DC vaccination strongly inhibited the antitumoral immune response and rescued virus-specific Ig production ( Figure 9 , B and C), similar to the results observed after Treg depletion.
In summary, Treg depletion combined with ODC resulted in vigorous and imbalanced intratumoral inflammation, which in turn led to a compensatory induction of MDSCs that abrogated virus/tumor immune interference. Consequently, our data suggest that the optimal therapeutic effect of ODC is strictly linked to the naturally balanced virus-induced inflammation of the tumor. 
Discussion
Currently, DCs are under clinical evaluation in immunotherapy of cancer as promising means to evoke antitumoral CD8 + T cell responses (34, 35 ). An essential precondition for successful cancer DC vaccination is the generation of large numbers of tumor-specific T cells with potent cytotoxic properties. Unfortunately, several studies indicated that tumor-specific immune tolerance mechanisms impede the development of a therapeutically effective antitumoral immunity after vaccination (36) . Therefore, new strategies to improve tumor vaccination with DCs are urgently needed.
It has been reported that viral infection is capable of overcoming immune tolerance mechanisms (37) . On the other hand, it is now evident that pathogens induce not only cytotoxic T cells, but also Tregs, acting as a counterbalance to cytotoxic responses and thus preventing severe immunopathology (9). These observations suggest a well-coordinated balance between effector and suppressor mechanisms in pathogen-associated tissue inflammation.
Our study investigated the potential of virotherapy in connection with tumor vaccination apart from mere cytolysis, since there is growing evidence of the immunomodulatory effects of virotherapy. We performed temporally coordinated vaccinations with TAA-pulsed DCs in the context of viral tumor inflammation with the tumor-specific, replication-competent Ad hTert-Ad in order to shift the balance of emerging antiviral responses in favor of tumordirected immune responses. This approach, termed ODC, elicited a potent antitumor immune response. In contrast, attempts to replace the adjuvant effect of intratumoral replication of Ad DNA by i.t. application of different TLR-activating agents did not elicit a comparable tumor-directed immune response. TLR activators are potent adjuvants to support the generation of cytotoxic T lymphocyte responses against antigens. However, the presence of TLR activators in the tumor microenvironment after i.t. instillation does not necessarily provide sufficient TAAs in close complex with the TLR ligand that can be engulfed and presented by tumorassociated APCs. In line with this hypothesis, we could not detect significant cross-presentation of TAAs after application of TLR activators; additionally, only a slight enhancement of the antitumoral cellular response was observable in our models.
In contrast, viral tumor infection provides all necessary signals for highly effective tissue inflammation, leading to massive induction of tumor cell death involving close association of TAAs with pathogen-associated molecular patterns. Consequently, viral tumor infection leads to very effective engulfment and cross-presentation of TAAs on the surface of APCs. Accordingly, Blander and colleagues have shown that the presence of TLR-activating agents in vacuoles containing the engulfed material is essential for effective antigen presentation (38) . The loose association of TAAs and TLR signaling after application of external TLR activators might therefore limit their use as immunomodulatory agents in cancer immunotherapy.
Our results suggest that intratumoral Ad DNA replication is an essential stimulus for triggering a strong antitumoral immune response. In contrast, productive generation of infectious viral progeny within tumor tissue appeared to be dispensable, since ODC-mediated antitumoral immune responses were also induced in tumors wherein Ad DNA was effectively replicating, but no infectious progeny were produced.
Recently, it has been shown that DC vaccination without concomitant inflammation leads to accelerated generation of memory T cells that can be massively expanded upon a variety of booster immunizations, including viral infections (39) . In our models, only DC vaccination at the time of viral tumor inflammation was capable of eliciting a strong antitumoral cytotoxic T cell response. These initially surprising results are most likely explainable by the principal malfunction of DC vaccination in the presence of a tolerance-mediating, solid tumor mass. In contrast to vaccination against pathogens, our results indicated that DC vaccinations against TAAs essentially require the abrogation of tumor tolerance that can be effectively addressed with viral tumor inflammation. We showed that DC vaccinations prior to viral tumor inflammation or after viral clearance and tissue recovery did not trigger antitumoral immune responses in our experiments.
In prime-boost regimens of cancer immunotherapy, heterologous viral vectors as vaccine carriers are attractive alternatives to DC vaccination, since viral vectors can at least transiently break tumor-specific tolerance in tumor-bearing hosts. In a prime-boost strategy with a replication-deficient Ad vaccine followed by an oncolytic VSV expressing a TAA as overlapping antigen, Bridle et al. could enhance antitumoral CD8 + T cell responses and were able to turn the immune response against the oncolytic vector into a beneficial response against the tumor (40) . In agreement with these results, we also observed after ODC-mediated enhancement of antitumoral CD8 + T cell responses a significant inhibition of virusspecific humoral immune responses accompanied by an apparent shift to a Th2-characteristic Ig isotype. Although the therapeutic impact of the decline of antiviral nAbs in ODC remains unclear, these results confirm an interference of antitumoral cytotoxic T cell responses with virus-specific humoral immune responses.
Systemic viral infections may cause generalized immunosuppression characterized by a decline of CD8 + T cell responses and/or nonspecific inflammation (14, 41, 42) . In our models, these concerns appeared to be negligible for viral tumor infection in cancer immunotherapy. We observed that controlled intratumoral replication of viral DNA strongly supported cancer immunotherapy and was an essential precondition for therapeutic success.
It is known that Tregs can act as suppressors of effector T cell functions during viral infections (14, 15, (43) (44) (45) . Consistent with this notion, lack of Tregs significantly enhanced immune responses after single DC or viral treatments. However, when Tregs were depleted in ODC-treated mice, the antitumoral response was abrogated, and virus-specific humoral response was restored. In these animals, we observed significant intratumoral induction of CD11b + Gr1 hi MDSCs, an observation that can presumably be interpreted as a compensatory counterregulation against the vigorous, virus-mediated inflammation in absence of Tregs. It has been described in a murine model of local HSV infection (17) that Treg depletion leads to vigorous inflammation in the infection-associated local lymph nodes that inhibits the timely and directed migration of immune cells to the infected tissue. In contrast to these findings, we observed that a vigorous inflammation in virus-infected tumors after Treg depletion supported strong expansion of MDSCs. As an approach to unravel their role in ODC, the adoptive transfer of CD11b + Gr1 hi Ly6G + MDSCs into virus-infected tumors prior to DC vaccination resulted in abrogation of virus/tumor immune interference. This finding confirmed our hypothesis that a lack of Tregs triggers a compensatory induction of MDSCs, which in turn antagonizes the effect of DC vaccination in ODC. It has been recently shown that, in the context of TLR9 activation, Tregs can undergo rapid reprogramming into activated Th cells that play a vital supportive role in priming of CD8 + T cells in response to cross-presented antigen (46) . Consistent with these results and those of Lund et al. (17) , we found further evidence that CD4 + CD25 + Foxp3 + Tregs are not only general suppressors of immune responses, but are also important for their fine adjustment.
Taken together, our present data suggest that the enhanced antitumoral immune response in ODC is dependent not only on the time point of vaccination and intratumoral viral DNA replication, but also on physiologically balanced virus-induced tumor inflammation. These results indicate that tumor-specific, replication-competent viruses are attractive tools to induce potent tumor inflammation as an essential precondition for effective tumor vaccination.
Methods
Cells. Huh-7 cells were obtained from the Japanese Collection of Research Bioresources. Hepa1-6 cells, HEK293 cells, the NSCLC cell line KLN205, and A549 cells were obtained from ATCC. The SCLC cell line CMT64 was a gift from W. Jefferies (University of British Columbia, Vancouver, British Columbia, Canada). The SCLC cell line H69 was provided by R. GerardySchahn (Hannover Medical School, Hannover, Germany). Stable expression of model antigens in KLN205 and CMT64 was achieved by retroviral transduction using a Moloney murine leukemia virus (MMLV) containing a HA-IRES-EGFP or OVA-IRES-EGFP expression cassette; MMLV containing EGFP served as control vector. After retroviral transduction, EGFP + cells were sorted by FACS to a purity greater than 90%. All cells were maintained in growth medium (DMEM plus Glutamax; Invitrogen) supplemented with 10% heat-inactivated FCS (Invitrogen), 100 U/ml penicillin, and 100 μg/ml streptomycin (Seromed) at 37°C and 5% CO2.
Mice. 6-to 8-week-old C57BL/6 and DBA/2 mice were obtained from Charles River. DBA/2 DEREG mice were obtained by crossing Balb/c DEREG mice with DBA/2 WT mice for at least 4 generations. Resulting mice supported s.c. tumor growth of KLN205. All in vivo experiments were conducted according to the German legal requirements (TierSchG) with approval of Hannover Medical School animal facility. We established s.c. tumors of CMT64 and KLN205 or transgenic subtypes by injecting 1 × 10 7 cells into the flanks of syngeneic mice. Tumors were grown for 10-12 days to a size of 6-7 mm in diameter prior to initial viral treatment. Lung colonies were induced by i.v. injection of 1 × 10 6 tumor cells in PBS 3 days before initial treatment. Viral tumor inflammation was induced by a single i.t. injection of 1 × 10 9 pfu Ad. To analyze humoral and cellular immune responses, mice were sacrificed on day 14 after viral treatment. Blood samples were drawn from the heart, and serum was prepared and analyzed by ELISA for virus-specific Igs. Spleens were harvested, and splenocytes were subjected to ELISpot analyses. Depicted tumor sizes were measured using a digital caliper. Tumor volume was calculated as (l × w 2 )/2.
For histological monitoring, mice were sacrificed, and tissues samples of lung, liver, or tumor were fixed with 4% PFA. 4-μm paraffin sections were stained with hematoxylin and eosin according to standard methods.
Abs, peptides, and TLR ligands. The following mouse-specific Abs were purchased from eBioscience: anti-CD16/32; anti-CD4 clone GK1.5; anti-CD8 clone 53-6.7; anti-IFN-γ clone AN-18; anti-IFN-γ biotin-conjugated clone R4-6A2; anti-CD25 clone PC61. Ad preparation. The telomerase-dependent replicating hTert-Ad, used as standard replication-competent virus in this study, has been described previously (18) . Ad particles of hTert-Ad, dl309, Ad-lacZ, and Ad-GFP were prepared in HEK293 and purified by CsCl banding according to standard methods. Infectious titer was assayed using the Rapid Titer Kit (BD Biosciences), and endotoxin contaminations of viral preparations were determined with the LAL test kit (Chromogenix) following the manufacturer's recommendations. Virus stocks were stored at -20°C in 25% glycerol, 10 mM Tris-HCl (pH 7.4), and 1 mM MgCl2. Before use, viral preparations were dialyzed 2 times with physiologic buffer containing 10 mM Tris (pH 8.0), 1 mM MgCl2, and 140 mM NaCl at 4°C.
ELISpot/ELISA. To determine IFN-γ release by activated splenocytes, ELISpot assays were performed. For this purpose, 96-well Immobilon-P membrane MultiScreen HTS plates (Millipore) were activated with 35% ethanol for 5 minutes. Plates were washed 3 times with PBS, incubated overnight with anti-mouse IFN-γ Ab clone AN-18 (7.5 μg/ml), and blocked with RPMI medium containing 10% FCS for at least 2 hours. In all experiments, a single-cell suspension of 2.5 × 10 5 splenocytes/well was plated in 100 μl RPMI medium containing 2% FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin including 200 ng peptide or 20 μl tumor lysate. After incubation overnight at 37°C and 5% CO2, plates were washed and stained with biotinylated anti-IFN-γ Ab clone R4-6A2 and subsequently with HRPstreptavidin conjugate. Spots were visualized by using an AEC staining kit (Sigma-Aldrich). Each value was calculated from 8 wells using an ELISpot reader. Antiviral Igs were detected by ELISA as described previously (22) . nAb assay. To assess the Ad-neutralizing capacity of serum from treated mice, nAb assay was performed. 3 × 10 4 293 cells were seeded in a 96-well plate and cultured overnight. Serum was heat-treated at 56°C for 15 minutes to inactivate complement, then serially diluted 1:1, ranging from 1:12.5 to 1:1,600 in a total volume of 100 μl in DMEM with 2% FCS. For the neutralization reaction, MOI 25 of Ad lacZ was added to all serum dilutions and incubated for 1 hour at room temperature, before the samples were added to 293 cells. 24 hours later, medium was aspired, and cells were washed with PBS. Cells were lysed, debris was pelleted, and the supernatant was used to determine β-gal activity.
In vivo cytotoxic T lymphocyte assay. Antigen-specific cytotoxic T cell responses were determined using CFSE-labeled donor splenocytes in an in vivo killing assay as previously described (49) . A single-cell suspension of syngeneic splenocytes as targets were pulsed with 10 μg/ml antigen peptide for 30 minutes at 37°C, then labeled with 2 μM CFSE (Invitrogen). Splenocytes pulsed with control peptide (lacZ) were labeled with 0.2 μM CFSE. Equal amounts of both cell populations were combined, and 2 × 10 7 cells total per recipient mouse were injected i.v. 18 hours later, mice were sacrificed, spleens were harvested, and cytotoxicity was determined by recovery of labeled cells by FACS analysis using a FACS Canto II (BD). Antigen-specific cytotoxicity was calculated by the CFSE hi/ CFSE lo ratio.
Generation of DCs for vaccination. Bone marrow cells were isolated from femur and tibia of syngeneic donors. After erythrocyte lysis, cells were resuspended in RPMI supplemented with 10% FCS, 1 mM sodium pyruvate, 1 mM nonessential amino acids (Invitrogen), and 50 μM 2-mercaptoethanol (Sigma-Aldrich). Cells were seeded in a 6-well plate and supplemented with 750 U/ml rmGM-CSF (R&D Systems). Cells were fed every 2 days using fresh GM-CSF-supplemented medium. On day 6, cells were additionally loaded with 0.5 μg/ml peptide and activated using 1.5 μg/ml poly(I:C) in culture medium. Tumor lysate was generated by 2 freeze/thaw cycles of 2 × 10 6 syngeneic tumor cells/ml in PBS. Debris was removed by centrifugation, and 100 μl supernatant/well was used to pulse DCs. The next day, DCs were detached with cell suspension buffer (Invitrogen) and enriched to greater than 90% by CD11c-MACS purification (Miltenyi). For DC vaccination, mice received 5 × 10 5 antigen-pulsed DCs by s.c. injection.
Treg depletion. Selective depletion of Tregs was achieved by 2 subsequent i.v. injections of CD25 Ab (50 μg/injection). Ab was administered 2 days before viral treatment and 2 days before DC vaccination. Depletion was controlled after the last CD25 Ab treatment by FACS. 1 week after treatment, CD25 + cells of the CD4 + T cell pool were absent (>99%). Additionally, the DEREG mouse model was used (30) . To selectively deplete Foxp3 + Tregs, 0.5 μg DT (Merck) was applied twice to DBA/2 DEREG mice on the day of viral application and on the day prior to DC vaccination.
FACS analysis of tumor-infiltrating MDSCs and DCs. Tumor tissue from treated mice was minced, and tumor-associated lymphocytes were released by adding RPMI containing 200 μg/ml each of collagenase IA, collagenase IV, and hyaluronidase and 50 μg/ml each of DNase and dispase (all from Sigma-Aldrich). After incubation of the samples at 37°C for 30 minutes, the suspension was passed through a 40-μm cell strainer and subjected to ficoll gradient centrifugation (Pan Biotech). Isolated lymphocytes were washed 3 times, and Fc receptors were blocked by incubation with anti-CD16/32 Ab for 10 minutes and then stained with following Abs for MDSC-analysis: anti-CD45.2, anti-CD11b, and anti-Gr1. CD45 + cells were gated on CD11b and Gr1. Different groups were compared by determining the ratio of the Gr1 hi CD11b + MDSC subpopulation to the total CD11b + population. To detect tumor APCs after therapy, tumor-infiltrating lymphocytes were stained with the following Abs: anti-CD45.2, anti-SIINFEKL bound to H-2K b , and anti-CD11c.
Adoptive transfer of MDSCs. KLN-HA tumor-bearing DBA/2 mice received a single dose of 50 μg CD25-depleting Ab followed by i.t. application of hTert-Ad 3 days before MDSC isolation. MDSCs were isolated from splenocytes of DBA/2 mice using an MDSC isolation kit (Miltenyi) following the manufacturer's instructions. In adoptive transfer experiments, 2.5 × 10 6 Gr1 hi Ly6G + MDSCs were injected into the tumor nodule of treated mice on the day prior to DC vaccination.
Detection of viral DNA. All DNA samples were isolated with QIAamp DNAMini-Kit (Qiagen) and adjusted to 20 ng/μl. qPCR of 100 ng DNA from cell culture, lung colony tissue, or tumor tissue was used for quantification of viral genomes compared with a standard curve. Real-time qPCR was performed (qPCR Mastermix Plus; Eurogentec) using a hexon detection kit (Eurogentec) on an ABI 7300 (Applied Biosystems). As an internal control, the 18S-Genomic-Control-Kit (Eurogentec) was applied. 40 cycles with 15 seconds at 95°C and 60 seconds at 60°C after an initial step of 10 minutes at 95°C were performed.
Statistics. Unless otherwise specified, all values are mean ± SD. Data were statistically analyzed by unpaired, 2-tailed t test. P values of 0.05 or less were considered statistically significant.
